The discovery that various drugs (e.g., phenobarbital) stimulate their own metabolism through a mechanism coined as enzymatic induction opened up a fascinating road that eventually led to the accurate biochemical characterization of the pregnane X receptor. After numerous studies, researchers have concluded that this receptor is activated by different endogenous steroids and a number of foreign lipophile ligands. Once activated, it induces the synthesis of oxygenases and conjugating enzymes. The activating ligands identified to date include many synthetic drugs, along with a number of natural products. The present review summarizes the data relating to the origin, chemistry, and pharmacological activity of the newest natural products that have been found to interact with the pregnane X receptor.
As a result of their work on the pregnane X receptor (PXR, NR1I2), Matic et al. (2007) aptly dubbed it a "promiscuous regulator of detoxification pathways" [1] . Indeed, this short, clear definition of PXR, which belongs to the much larger class of nuclear receptors, is a perfect description. When activated by its ligands, the receptor heterodimerizes with retinoid receptor (RXR), binds to DNA, and induces the expression of genes that encode the synthesis of cytochrome P450 (CYP) monooxygenases. Interestingly, both CYPs and PXR are co-localized in many types of tissue, including the liver, intestine, and kidney [1, 2] .
It is well-known that drug detoxification begins with a hepatic metabolism carried out by CYPs, which cause chemical modifications to xenobiotics through the use of oxygen and a reduced flavoprotein [3] . This process also affects endogenous mediators such as steroid hormones, bile acids, and several other lipids, including eicosanoids. The most important human CYP is CYP3A4, mainly because of its abundance in human hepatocytes and the variety of its susceptible substrates [4] . For its part, PXR activation is responsible for the increased expression of phase II conjugating enzymes and phase III transporters [5] .
While the term pregnane refers to the 17-ethyl-steroid skeleton shared by some of the substrates metabolized, the letter X means that this is an orphan receptor, that is, without a known endogenous ligand. Teleologically speaking, CYPs are cleansing agents because they generally help eliminate potentially toxic substances.
However, given that newly generated products can sometimes be highly toxic, activators of PXR expression may actually produce deleterious effects. Such is the case of troglitazone, a tocopherol-like agonist of the family of peroxisome proliferator-activated receptors (PPARs), which was introduced, and then later withdrawn, as an antidiabetic drug [6] .
Perhaps one of the most striking features of PXR is the vast range of compounds that can serve as ligands for it. In fact, there is no prerequisite chemical structure or function for a given substance to bind and activate the receptor. Some synthetic hormonal steroids, such as dexamethasone, mifepristone and pregnenolone-16-α-carbonitrile (PCN); or antibiotics, like rifampicin, were promptly described as PXR ligands [7] .
Máñez
According to the reviews by Staudinger et al. [8] and by Chang and Waxman [9] , several natural products, both molecular entities and herbal products (sic), were reported to interact with PXR, mostly as activators. Some of these compounds are wellknown drugs, such as paclitaxel, the antitumor principle from Taxus brevifolia (Taxaceae); artemisinin, a sesquiterpenoid from Artemisia annua (Asteraceae); and forskolin, a diterpenoid from Coleus forskohlii (Lamiaceae). Others are active ingredients of pharmacologically active extracts, including hyperforin from Hypericum perforatum (Hypericaceae) and both E-and Z-guggulsterones from Commiphora mukul (Burseraceae). Among the very few PXR-antagonists, ecteinascidin-743 (Yondelis®), a complex phenolic tris-isoquinoline from the tunicate Ecteinascidia turbinata, deserves special mention.
Natural activators of PXR

Diterpenoids:
Cafestol is a furanoditerpene alcohol ( Figure 1 ) present in Coffea seeds, and therefore also in some drinking preparations, such as the unfiltered coffees of Turkey and Scandinavia. Among the biologically significant activities of this compound, increasing blood cholesterol [10] , enhancing glutathione-based detoxification [11] , and inhibiting oxidative damage to DNA [12] , are several of the best-known. Studies on gene expression related to lipid metabolism, for example, showed that cafestol down-regulates cholesterol 7α-hydroxylase (CYP7A1), thereby repressing bile acid synthesis [13] . For our purposes, it is even more important to note that homozygous deletion in the human CYP7A1 gene causes pronounced hypertriglyceridemia and LDL-hypercholesterolemia [14] . Indeed, Ricketts et al. found that, at 20 μM, cafestol activates PXR in HepG2 cells, with no significant effects on other nuclear receptors such as RXRs, glucocorticoid receptors, or the constitutive androstane receptor (CAR) [15] .
The effects of cafestol were not thoroughly extended throughout the body; in fact, no induction of CYP3A11 was detected in mouse livers either 3, 7, or 14 days after administration, whereas a nearly fourfold increase was found in intestinal tissues. However, the expression of the detoxificant enzyme glutathione-S-transferase μ1 (GSTμ1) increased in both the liver and the intestine. Interestingly, in contrast with the standard PXR agonist, PCN, the effect of cafestol on liver GSTμ1 was independent of As for lipid metabolism, cafestol induced ATPbinding cassette (ABC) transporter type A1 (ABCA1), a protein that is responsible for transporting cholesterol from enterocytes into the circulating blood [15] . This may partially explain why this diterpene markedly raises blood cholesterol levels.
Phenolic compounds
Phenylpropanoids
Coumarins: Many plant coumarins possess an isoprene-derived pyran or furan cycle fused to the benzo-α-pyrone basic structure, leading to the socalled pyranocoumarins or furanocoumarins. Such compounds are quite toxic and have limited pharmacological value, with the exception of 8methoxypsoralen ( Figure 2 ), which is used in combination with UV radiation for the treatment of psoriasis and certain malignant dermatosis. This compound causes different metabolism-related interactions with other drugs, such as nicotine [16] and estrogens [17] , and induces CYP1A1-mRNA activation in rat hepatocytes. However, it is also known to markedly inhibit CYP1A1 catalytic activity [18] . The involvement of PXR in the induction not only of CYPs, but also of carboxyl esterase 2 (HCE2) by 8-methoxypsoralen has been assessed with the aid of both overexpression and knockdown of PXR in human hepatoma (Huh7) cells. In cells transfected with the siPXR construct, CYP3A4-, HCE2-mRNA, and PXR levels were reduced, whereas PXR overexpression led to an increase in these indicators [19] . CYP3A4 in HepG2 cells transfected with the reporter gene construct pGL3-CYP3A4-9. Its effect was higher than that of the standard PXR activator rifampicin [20] . However, quercetin did not increase PXR-mediated gene expression, a finding that is in disagreement with a previous report characterizing the compound as a low-grade PXR activator [21] . A moderate activation of PXR occurred with secoisolariciresinol at 10 µM [21] . This latter compound is a dibenzylbutane lignin present in flaxseeds and other plant products in glycosidic form.
Alkylphenols
For the purpose of this review, this group includes several non-phenylpropanoid phenols reputed to be chemopreventive agents. As weakly suggested by this label, these are cancer preventive substances, generally of natural origin, which inhibit tumorigenesis through various mechanisms: inhibition of proinflammatory transcription factors, proliferation of malignant cells, synthesis of antiapoptotic proteins, leukocyte adhesion, angiogenesis, etc [22] .
Two of the most widely analyzed alkylphenols, curcumin (diferuloylmethane, from turmeric, Figure 3 ) and resveratrol (3,5,4'-trihydroxy-transstilbene, from red grapes), activated PXR-mediated gene expression. At 25 µM, this effect was almost three times higher for curcumin than for resveratrol. Both compounds were also found to increase CYP3A4 promoter activity, albeit to a lesser extent than quercetin (see the epigraph "Flavonoids and lignans" [21] ).
Natural inhibitors of PXR
Steroids
Plant sterols, for example, stigmasterol (Figure 4) , campesterol, and sitosterol, are widely considered to be beneficial dietary constituents because they allegedly lower cholesterolemia. However, in certain cases, the effects may be surprisingly contrary. When there is a mutation in the genes regulating the Figure 4 : Stigmasterol synthesis of the ABC-type transporters G5 or G8, high sterolemia can result, causing severe coronariopathy. Furthermore, feeding babies with sterol-rich soy products can lead to cholestasis and hepatic failure [23] .
Given that some nuclear receptors are of key importance in the control of bile acid toxicity, Carter et al. investigated the possible interaction with farnesoid X receptor (FXR) and other constructs containing ligand binding domains of another six nuclear receptors. In the context of the present review, it is noteworthy that stigmasterol acetate suppressed the activity of the PXR ligand binding domain in HepG2 cells, with notable specificity [24] . This set of experiments reveals how sterols can be toxic by depriving the liver of detoxification pathways based on nuclear receptors.
Phenolic compounds
Unlike the vast majority of naturally occurring coumarins (benzo-α-pyrones), which are derived from ortho-hydroxycinnamic acid, coumestrol ( Figure 5 ) and its related coumarins present a 4-phenyl substitution. These types of compounds are also known as neoflavones because they can be formally considered as isomers of flavones (2-phenyl-benzo-γ-pyrones).
As is the case with many isoflavones (3-phenylbenzo-γ-pyrones), coumestrol possesses estrogenic properties, hence the name. In addition, this agent is a PXR antagonist, as proven by Wang et al. These researchers found that coumestrol reduced the basal reporter activity, as measured by the xenobiotic responsive enhancer module (XREM)-luciferase, in the PXR transiently transfected CV-1 cells by 20% at a dose of 25 µM. While many other nuclear receptors were not sensitive to the compound, ERα and ERβ were highly activated. The activation of human PXR by rifampicin was also inhibited by coumestrol, albeit not by its dimethyl or diacetyl derivatives. These results indicate that the presence of the two free Máñez Figure 5 : Coumestrol phenolic hydroxyls is of the utmost importance. From the results of the dose-response studies, the IC 50 value was calculated to be 12 µM. It was also confirmed that coumestrol competes for the ligand-binding domain (K i = 37 µM) with the PXR agonist SR12813 (4-[2,2-bis(diethoxyphosphoryl)-ethenyl]-2,6-ditertbutylphenol). Gene expression studies for CYP3A4 and CYP2B6 in primary cultures of hepatic cells from two human donors helped determine that 25 µM of coumestrol was able to abolish the induction brought about by SR12813 or rifampicin [25] .
Sulfur compounds
Sulforaphane ( Figure 6 ) is the trivial name of 1-isothiocyanato-4-(methylsulphinyl)-butane, a linear sulfur compound derived from the hydrolysis of glucoraphanin, a glucosinolate found in many cruciferous plants (e.g. the genus Brassica), specially in broccoli sprouts.
Figure 6: Sulforaphane
It had previously been shown that sulforaphane strongly reduces CYP3A4 mRNA in human hepatocytes, an effect which, in addition to others such as the inhibition of histone deacetylases or the induction of glutathione transferases, may be implicated in the experimental anticancer effect of the drug [26] . Zhou et al. [27] have recently shown how PXR inactivation correlates to the inhibition of CYP3A4 expression. Indeed, at 1 µM, sulforaphane inhibited the reporter activity of the PXR ligands mifepristone and rifampicin; at 25 µM the inhibition of mifepristone was complete. After transfection of HepG2 cells with a GAL4-PXR vector, sulforaphane inhibited GAL4 reporter activity with an IC 50 value of 14 µM. Moreover, it was demonstrated that the test compound binds to the ligand binding domain of PXR with a K i of 16 µM. The authors also studied several related isothiocyanates present in Brassicaceae, including iberin (1-isothiocyanato-3-(methylsulfinyl)propane), cheirolin (1-isothiocyanato-3-(methylsulfonyl)propane), and erucin
(1-isothiocyanato-4-(methylthio)butane). Iberin and cheirolin had roughly the same potency as sulforaphane in repressing the PXR-mediated CYP3A4-luciferase reporter activity in HepG2 cells [27] .
Concluding remarks
Although the restricted scope of this review prevents us from making too many general assumptions, several interesting points should be emphasized.
Vegetal secondary metabolites are xenobiotics for mammalian organisms, which is not surprising since a long list of microbial and plant principles show interaction with PXR; at least as activator ligands. Indeed, the latest studies have added even more compounds to the list of novel PXR inhibitors, which have been dubbed, perhaps inappropriately, "antagonists." As there is no chemical structure that determines the binding of PXR to date, there is likewise no particular chemical clue which would as yet indicate either the activation or inhibition of such a receptor.
As noted above, it is widely thought that PXR not only regulates the detoxification of many structurally unrelated foreign agents, but that it also participates in the metabolism of endogenous steroids. In this context, it is surprising that so few plant steroids and triterpenoids have been studied. In fact, since the discovery of guggulsterones, no new studies have been published in this highly interesting field.
For now, the therapeutic value of PXR activators or inhibitors remains obscure. We refer to drugs that owe their application to interactions with PXR, but not to other, some times very important (paclitaxel, rifampicin) drugs that, apart from their main action, have been shown to be notable PXR activators. On the other hand, the role as pharmacologically active ingredients of foods, such as sulforaphane, deserves careful attention.
